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Abstract
Within the framework of physics beyond the standard model we study the possibility that mesons
produced in the atmosphere by the cosmic ray flux, decay to heavy Majorana neutrino and these
mostly to photons in the low mass region. We study the photon flux produced by sterile Majorana
neutrinos (N) decaying after passing through a massive and opaque object such as a mountain.
In order to model the production of N ’s in the atmosphere and their decay to photons, we con-
sider the interaction between the Majorana neutrinos and the standard matter as modeled by an
effective theory. We then calculate the heavy neutrino flux originated by the decay of mesons in
the atmosphere. The surviving photon flux, originated by N decays, is calculated using transport
equations that include the effects of Majorana neutrino production and decay.
PACS numbers: PACS: 14.60.St, 13.15.+g, 13.35.Hb
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I. INTRODUCTION
The neutrino sector has provided through the discovery of neutrino flavor oscillations the
most compelling evidence for physics beyond the Standard Model (SM). However, other
mysteries related with the same sector are still open. In particular, the tiny ordinary neutrino
masses problem, for which the seesaw mechanism stays as one of the most straightforward
ideas for solving it [1–6]. This mechanism introduces right handed sterile neutrinos that, as
they do not have distinct particle and antiparticle degrees of freedom, can have a Majorana
mass term leading to the tiny known masses for the standard neutrinos, as long as the
Yukawa couplings between the right handed Majorana neutrinos and the standard ones
remain small. Even for the low masses range for N here considered, the simplest Type-I
seesaw scenario leads to a negligible left-right neutrino mixing |UlN |2 ∼ mν/MN ∼ 10−9
[7–9]. The mixing UlN weighs the couplings of N with the S.M. particles and in particular
with charged leptons through the V − A interaction
L = − q√
2
UlNN¯
cγµPLlW
+
µ + hc (1)
Thus, as suggested in [9], the detection of Majorana neutrinos (N) would be a signal of
physics beyond the minimal seesaw mechanism, and its interactions could be better described
in a model independent approach based on an effective theory. We consider a simplified
scenario with only one Majorana neutrino N and negligible mixing with the νL. In addition,
the effective operators here presented allow the N -decay to one neutrino plus one photon.
This decay channel could account, in a particular parameter region, for some neutrino related
problems as the MiniBOONE and [10, 11] and SHALON [12] anomaly. The Majorana
neutrino effective phenomenology regarding the relevant N decay modes and interactions is
treated in [13, 14].
In the present work we study the possibility that mesons produced in the atmosphere by
the cosmic ray, decay to heavy Majorana neutrino and these mostly to photons in the low
mass region. We consider the scenario in which this radiative decay could be detected as a
photon flux coming from an opaque obstacle such as mountain, which will stop the photons
produced before the obstacle as well as any other photons originated by another mechanism,
leaving an observable survival photon flux generated after the obstacle.
In Sec. II, we briefly describe the effective operator approach. In Sec.III, we present the
production mechanism of heavy neutrinos (N) by meson decay and the N decay to photons.
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In Sec.IV, we discuss the bounds on the effective operators coming from different experiment
as 0νββ decay, colliders results, meson decay, Super-K and astrophysical observations, in the
mass range of tens of MeV. We calculate the number of events of photons to be observed by
a Cherenkov telescope at different distances from the opaque obstacle. We show the results
as a contour plot for the number of events and include the region allowed by the bounds.
We leave to the Appendix A the study of meson decay to N in the effective formalism and
in the Appendix B we present the calculation for the N → νγ decay in the LAB frame.
Finally, in Sec.V, we present our conclusions.
II. EFFECTIVE MAJORANA INTERACTIONS
In this work, we study the observable effects of a heavy sterile Majorana neutrino N
decaying to photons after passing through a massive and opaque object such as a mountain.
Thus, we need to model the interactions of N with ordinary matter in order to describe the
N production by meson decay in the atmosphere and the subsequent N -decay to photons.
Being N a SM singlet, its only possible re-normalizable interactions with SM fields involve
Yukawa couplings. But, as we discussed in the introduction, these couplings must be very
small in order to accommodate the observed tiny ordinary ν masses. In this work, we take
an alternative approach, considering that the sterile N interacts with the light neutrinos by
higher dimension effective operators, and take this interaction to be dominant in comparison
with the mixing through the Yukawa couplings. In this sense, we depart from the usual
viewpoint in which the sterile neutrinos mixing with the standard neutrinos are assumed to
govern the N production and decay mechanisms [15, 16].
We parameterize the effects of new physics by a set of effective operators O constructed
with the standard model and the Majorana neutrino fields, satisfying the SU(2)L ⊗ U(1)Y
gauge symmetry [9]. The effect of these operators is suppressed by inverse powers of the
new physics scale Λ, which is not necessarily related to the Majorana neutrino mass mN .
The total Lagrangian is organized as follows:
L = LSM +
∞∑
n=6
1
Λn−4
∑
J
α
(i)
J O(n),iJ (2)
where J is the label of the operator, n their dimension and i the family.
For the considered operators, we follow [9] starting with a rather general effective La-
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grangian density for the interaction of right handed Majorana neutrinos N with bosons,
leptons and quarks. We list the dimension 6 operators that can be generated at tree level or
one-loop level in the unknown fundamental ultraviolet theory, and which are baryon-number
conserving. The first subset includes operators with scalar and vector bosons (SVB),
O(6),iLNφ = (φ†φ)(L¯iNφ˜), O(6),iNNφ = i(φ†Dµφ)(N¯γµN), O(6),iNeφ = i(φT Dµφ)(N¯γµli) (3)
and a second subset includes the baryon-number conserving 4-fermion contact terms:
O(6),iduNe = (d¯iγµui)(N¯γµli), O(6),ifNN = (f¯iγµfi)(N¯γµN), O(6),iLNLe = (L¯iN)(L¯ili),
O(6),iLNQd = (L¯iN)(Q¯idi), O(6),iQuNL = (Q¯iui)(N¯Li), O(6),iQNLd = (Q¯iN)(L¯idi),
O(6),iLN = |N¯Li|2, O(6),iQN = |Q¯iN |2 (4)
where li, ui, di and Li, Qi denote, the right handed SU(2) singlets and the left-handed SU(2)
doublets, respectively for the family i. The following one-loop level generated operators
coefficients are naturally suppressed by a factor 1/16pi2 [9, 17]:
O(5),iNNB = N¯σµνN cBµν ,
O(6),iNB = (L¯iσµνN)φ˜Bµν , O(6),iNW = (L¯iσµντ IN)φ˜W Iµν ,
O(6),iDN = (L¯iDµN)Dµφ˜, O(6),iD¯N = (DµL¯iN)Dµφ˜ . (5)
As we will show these operators contribute to N production by meson decay in the
atmosphere and the subsequent N decay to photons.
In order to obtain the necessary interactions, we derive the relevant pieces of the effective
Lagrangian terms involved in the calculations. We take the scalar doublet after spontaneous
symmetry breaking as φ =
(
0
v+h√
2
)
. We have contributions to the effective Lagrangian coming
from (3), related to the spontaneous symmetry breaking process:
LtreeSV B =
1
Λ2
{
αZ(N¯Rγ
µNR)
(vmZ
2
Zµ
)
− α(i)W (N¯RγµlR,i)
(
vmW√
2
W+µ
)
+ · · ·+ h.c.
}
, (6)
and the four-fermion interactions involving quarks and leptons from (4)
Ltree4−f =
1
Λ2
{
α
(i)
V0
d¯R,iγ
µuR,iN¯RγµlR,i + α
(i)
V1
l¯R,iγ
µlR,iN¯RγµNR + α
(i)
V2
L¯iγ
µLiN¯RγµNR+
α
(i)
V3
u¯R,iγ
µuR,iN¯RγµNR + α
(i)
V4
d¯R,iγ
µdR,iN¯RγµNR + α
(i)
V5
Q¯iγ
µQiN¯RγµNR+
α
(i)
S0
(ν¯L,iNRe¯L,ilR,i − e¯L,iNRν¯L,ilR,i) + α(i)S1(u¯L,iuR,iN¯νL,i + d¯L,iuR,iN¯eL,i)+
α
(i)
S2
(ν¯L,iNRd¯L,idR,i − e¯L,iNRu¯L,idR,i) + α(i)S3(u¯L,iNRe¯L,idR,i − d¯L,iNRν¯L,idR,i)+
α
(i)
S4
(N¯RνL,i l¯L,iNR + N¯ReL,ie¯L,iNR) + · · ·+ h.c.
}
(7)
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FIG. 1: Branching ratios for the main decay channels and for the couplings discussed in
the text.
In Eqs. (6) and (7) the index i label family and a sum is understood. The generic constants
αJ with J ≡ NNφ, LNφ, Neφ, duNe, etc are re-labeled in order to simplify the writing
of the equations:
αZ = αNNφ, αφ = αLNφ, αW = αNeφ, αV0 = αduNe, αV1 = αeNN ,
αV2 = αLNN , αV3 = αuNN , αV4 = αdNN , αV5 = αQNN , αS0 = αLNe,
αS1 = αQuNL, αS2 = αLNQd, αS3 = αQNLd, αS4 = αLN . (8)
where for simplicity in the notation we omit here the family index. The one-loop generated
operators are suppressed by the 1/(16pi2) factor but, as we show in [13], these play a major
role in the N -decay. In particular for the low mN range studied here and for the relative
size of the coupling constants we will discus in the section IV, the dominant channel decay
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is N → νγ, which is produced by different terms coming from the operators in (5).
L1−loopeff =
α
(i)
L1
Λ2
(
−i
√
2vcWP
(A)
µ ν¯L,iσ
µνNR Aν + i
√
2vsWP
(Z)
µ ν¯L,iσ
µνNR Zν+
)
− α
(i)
L2
Λ2
(
mZ√
2
P (N)µ ν¯L,iNR Z
µ + +mWP
(N)
µ l¯L,iNR W
−µ
)
− α
(i)
L3
Λ2
(
i
√
2vcWP
(Z)
µ ν¯L,iσ
µνNR Zν + i
√
2vsWP
(A)
µ ν¯L,iσ
µνNR Aν
+ i2
√
2mW ν¯L,iσ
µνNR W
+
µ W
−
ν + i
√
2vP (W )µ l¯L,iσ
µνNR W
−
ν
+ i4mW cW l¯L,iσ
µνNR W
−
µ Zν + i4mW sW l¯L,iσ
µνNR W
−
µ Aν
)
− α
(i)
L4
Λ2
(
mZ√
2
P (ν¯)µ ν¯L,iNR Zµ −
√
2m2W
v
ν¯L,iNR W
−µW+µ −
m2z√
2v
ν¯L,iNR ZµZ
µ
+ mWP
(l¯)
µ W
−µ l¯L,iNR + emW l¯L,iNRW−µAµ + emZsW l¯L,iNRW−µZµ
)
+ h.c.(9)
where P (a) is the 4-moment of the incoming a-particle. Moreover cW = cos(θW ) and
sW = sin(θW ) with θW the Weinberg angle.
The constants α(i)Lj , with j = 1, 4, are associated to the specific operators:
α
(i)
L1
= α
(i)
NB, α
(i)
L2
= α
(i)
DN , α
(i)
L3
= α
(i)
NW , α
(i)
L4
= αD¯N . (10)
The complete Lagrangian for the effective model is presented in an appendix in the recent
work [14]. For completeness we include in Fig.1 a plot with the principal decay channel
in the low mass region. A sum on particle and antiparticle is understood and the channel
N → ν lep include the three body decays to leptons N → νlil+i l−i , νlil+j l−i , νliνli ν¯li
In Sec. IV, we discuss the different bounds we consider on the coupling α(i)J and the
strategy we follow to take it into account for the prediction on the fluxes.
III. PHOTON FLUX BY HEAVY NEUTRINO DECAY IN THE ATMOSPHERE.
We consider the transport equation for charged pions and kaons in the atmosphere in-
cluding the interaction and decay terms [18]:
dφM(E,X)
dX
= −φM(E,X)
(
1
ΛM
+
cM
Eρ(X)
)
+
ZNM
λN
N0(E)e
(−X/ΛN ), (11)
where X is the slant path in g/cm2, ρ(X) is the density of the atmosphere, M represents
the meson pi or K and N a nucleon. The cosmic nucleon flux is parametrized as
N0(E) = A0E
−(γ+1) (12)
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where γ = 1.7 and A0 = 1.8 is the normalization constant for the initial cosmic flux. The
constants cpi and cK are mpi/τpi and mK/τK respectively, with τpi,K the mean lifetime of pion
and kaon.
The constants Zi j are the spectrum-weighted moments for the inclusive cross section
for a incident particle i colling with air nucleus and producing a outgoing particle j, with
i, j = pi,K,N . On the other hand the attenuation length constants ΛN , Λpi, ΛK are related
to the interaction length λi by Λi = λi(1− Zi i), with i = N , pi, K [18].
With the usual approximations: (i) the hadron flux can be factorized φN (E,X) =
E−αφN (X), (ii) the interaction length is independent of energy and (iii) the differential
cross section is Feynman scaling, the solution for the meson flux is [18]
φM(E,X) =
(
A0ZNM
λN
)
E−(γ+1)X
∫ 1
0
du exp
(
−(1− u)X
ΛM
− Xu
ΛN
− cM
E
k(Xu,X)
)
, (13)
where
k(X ′, X) =
∫ X
X′
dX ′′
ρ(X ′′)
. (14)
The transport equation for the heavy neutrino N has as dominant contributions the absorp-
tion due to the N -decay and N -regeneration coming from the decay of mesons pi± and K±.
We consider only the dominant meson decay process M → Nµ, where M represents the
meson pi or K. The calculation of these decays in the effective theory we consider is shown
in the Appendix A and the obtained result for the width is:
ΓM→µN =
1
16pimM
(
V uqfMm
2
M
2Λ2
)2 {
(α2w + αV0)
2 [(1 +Bµ −BN)(1−Bµ +BN)
− (1−Bµ −BN)] + (αS2 + αS3/2)2
(1−Bµ −BN)
(
√
Bu +
√
Bq)2
+ 2(αw + αV0)(αS2 + αS3/2)
√
Bµ(1−Bµ +BN)
(
√
Bu +
√
Bq)
}
×
√
(1−Bµ +BN)2 − 4BN (15)
where
Bµ = m
2
µ/m
2
M , BN = m
2
N/m
2
M ,
Bu = m
2
u/m
2
M , Bq = m
2
q/m
2
M , (16)
being q = d, s for pi or K, respectively.
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Continuing with the transport equations, we have for the Majorana neutrino N
dφN(E,X)
dX
= − 1
λNdec(E,X)
φN(E,X) +Br(pi → Nµ)
∫ zpimax
zpimin
dz
z
φpi(E/z,X)
λpidec(E/z,X)
dnpi
dz
+
Br(K → Nµ)
∫ zKmax
zKmin
dz
z
φK(E/z,X)
λKdec(E/z,X)
dnK
dz
, (17)
with an absorption term given by the N -decay and two source terms coming from the meson
decay, and where
zpimin =
1
2
(1 + PN − Pµ −
√
(1 + PN − Pµ)2 − 4PN)
zpimax =
1
2
(1 + PN − Pµ +
√
(1 + PN − Pµ)2 − 4PN)
zKmin =
1
2
(1 +KN −Kµ −
√
(1 +KN −Kµ)2 − 4KN)
zKmax =
1
2
(1 +KN −Kµ +
√
(1 +KN −Kµ)2 − 4KN), (18)
with
Pi = (mi/mpi)
2 , Ki = (mi/mK)
2. (19)
The branching ratios Br(pi → Nµ) and Br(K → Nµ) can be written as Br(pi → Nµ) =
(Γ(pi → Nµ)/Γ(pi → νµ)) × Br(pi → νµ) and Br(K → Nµ) = (Γ(K → Nµ)/Γ(K →
νµ))×Br(K → νµ), with Br(pi → νµ) ∼ 1 and Br(K → νµ) ∼ 0.64.
Finally, the expressions for the decay distributions are
dnpi
dz
=
1√
(1 + PN − Pµ)2 − 4PN
,
dnK
dz
=
1√
(1 +KN −Kµ)2 − 4KN
, (20)
and
λNdec(E, x) =
E
mN
τNρ(x) ≡ Eρ(x)
cN
,
λpidec(E/z, x) =
E
zmpi
τpiρ(x) ≡ Eρ(x)
zcpi
(21)
λKdec(E/z, x) =
E
zmK
τKρ(x) ≡ Eρ(x)
zcK
replacing in Eq.17 we have
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dφN(E,X)
dX
= − cN
Eρ(X)
φN(E,X) +
cpi
Eρ(X)
Br(pi → Nµ)√
(1 + PN − Pµ)2 − 4PN
∫ zpimax
zpimin
dzφpi(E/z,X) + (22)
cK
Eρ(X)
Br(K → Nµ)√
(1 +KN −Kµ)2 − 4KN
∫ zpimax
zpimin
dzφK(E/z,X)
and for the integrals on the meson flux
∫ zpimax
zpimin
dzφpi(E/z,X) and
∫ zpimax
zpimin
dzφK(E/z,X) we
insert the corresponding meson flux obtained in Eq.13∫ zMmax
zMmin
φM(E/z,X) dz =
A0ZNM
λN
E−(γ+1)X
∫ 1
0
du
(∫ zMmax
zMmin
dz z(γ+1) exp(−cM
E
k(Xu,X)z)
)
×exp(−(1− u)X
ΛM
− uX
ΛN
), (23)
with M labeling the meson pi and K. The integration in the z-variable is direct:∫ zMmax
zMmin
dz z(γ+1) exp(−cM
E
k(Xu,X)z) = E(γ+1)HM(E, u,X), (24)
where the function HM(E, u,X) reads
HM(E, u,X) = Γ(γ + 2) (cMk(uX,X))−(γ+2)
×
(
Γ(
cM
E
k(uX,X)zMmax, γ + 2)− Γ(
cM
E
k(uX,X)zMmin, γ + 2)
)
(25)
With the above definitions, we have the heavy neutrino flux given by
φN(E,X) = X
2
∫ 1
0
∫ 1
0
dv du
ve−
cN
E
k(vX,X)
ρ(vX)
e
−uvX
ΛN
×
[
DpiHpi(E, u, vX) e−
(1−u)vX
Λpi +DKHK(E, u, vX) e−
(1−u)vX
ΛK
]
, (26)
where
Dpi = A0ZNpicpiBr(pi → Nµ)
λN
√
(1 + PN − Pµ)2 − 4PN
DK = A0ZNKcKBr(K → Nµ)
λN
√
(1 +KN −Kµ)2 − 4KN
. (27)
We show in Fig.(2) the flux of heavy neutrinos at the sea level as a function of the energy,
for a slant distance calculated for an angle θ = 700 with respect to the zenith direction and
9
 EΦ
N 
[c
m
-2
 s
r-1
s-
1 ]
10−18
10−16
10−14
10−12
10−10
10−8
10−6
 
E [GeV]
101 102 103 104 105 106
mN=50 MeV
mN=30 MeV
mN=10 MeV
θ=700
FIG. 2: Heavy neutrino flux at the sea level as a function of the neutrino energy and for
the intensity coupling indicated in the text.
for the couplings intensity discussed in the next section. For high energy, the fluxes are
independent of the value of mN , while for lower energy heavy neutrinos present a lower flux
due to a shorter decay time.
As can be seen from Fig. 1 (see also [14]), for the masses of N considered (tens of MeVs),
the dominant decay channel is N → γν. This channel decay was calculated in [14]
ΓN→νi(ν¯i)γ =
1
2pi
(
v2
mN
)(mN
Λ
)4
(α
(i)
L1
cW + α
(i)
L3
sW )
2. (28)
Thus, the total width for the low mass region is
Γt =
3∑
i=1
(
ΓN→γνi + ΓN→γν¯i
)
(29)
In order to study the production of photons by the heavy neutrino decays, we consider the
coupled transport equations
dφγ
dl
(E, l) =
cN
E
∫ 1
0
dyφN(
E
1− y , l)
dn
dy
dφN
dl
(E, l) = −cN
E
φN(E, l), (30)
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FIG. 3: Schematic representation of the obstacle and the detector.
where cN = mN/τN . The decay N → νγ (see Appendix B for the calculation of dn/dy) gives
the source for the photon flux (first equation) as well as a depletion in the N flux (second
equation). The mean lifetime of N (τN) is given by the inverse of the width in Eq.29, which
is the dominant channel. Inserting the solution of the second equation,
φN(E, l) = φ
0
N(E)exp(−
cN
E
l), (31)
into the first equation and solving, we have the solution
φγ(E, l) = φ
0
γ(E) + 2
∫ 1
0
dy y
(1− exp(− cN
E
l(1− y))
1− y φ
0
N(
E
1− y ). (32)
Thus, if we call l the distance between the obstacle and the detector and li the traveled
distance inside it, then we can write the photon flux arriving the detector as:
∆φγ = φγ(E, l + li)− φγ(E, li)
= 2
∫ 1
0
dy
y
1− y exp(−
cN
E
(1− y)li)
[
1− exp(−cN
E
(1− y)l)
]
φ0N(
E
1− y ), (33)
where we have removed the photons produced inside the obstacle because they get absorbed.
In the next section we present our numerical results. We will consider the different bounds
on the effective operators and the predictions for the photon flux, including the number of
events to be detected.
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IV. NUMERICAL RESULTS
The heavy Majorana neutrino couples to the three flavors families with couplings pro-
portional to α(i)J /Λ
2. For the case of the operator O(6),iNeφ these couplings can be related to
the mixing angle between light and heavy neutrinos UliN in Eq.1 [9]
UliN =
α
(i)
W v
2
2Λ2
(34)
In analogy we can use the combination α(i)J v
2/(2Λ2) to represent the coupling intensity for
all the operators. As it was discussed [13, 14, 19, 20], the most restrictive bound on the
operators O(6),1Neφ , O(6),1duNe, O(6),1QuNL, O(6),1LNQd, O(6),1QNLd, O(6),1NW involving the first family is placed
by the 0νββ-decay experimental result. With the definition in Eq.34 the bound on the
mixing is translated on the coupling α(1)J corresponding to the mentioned operators α
(1)
J ≤
αbound0νββ = 3.2 × 10−2 (mN/(100 GeV))1/2 for Λ = 1TeV. For the other operators, which are
not included in the 0νββ-decay, we consider for them the same bound corresponding to the
BELLE result [21], α(i)J ≤ αboundBELLE = 0.3. Then, calling
U =
α
(i)
J v
2
2Λ2
(35)
we have |U |2 ≤ 8.8× 10−5 for the BELLE bound.
It is clear the different size between the contributions of both kind of operators. We
maintain this hierarchy throughout the work decoupling the operators contributing to 0νββ.
For the 1-loop generated operators we consider the coupling constants as 1/(16pi2) times
the corresponding tree level coupling. Thus for the operators ODW , ONW and OD¯N which
contribute to 0νββ we have
α
(1)
L2
, α
(1)
L3
, α
(1)
L4
, ≤ 1
16pi2
αbound0νββ (36)
for the first family.
For the operator ONB which do not contribute to 0νββ we take
α
(i)
L1
≤ 1
16pi2
αboundBELLE (37)
With these considerations and in order to estimate the intensity of the photon flux, we
consider a generic obstacle with thickness of 1 km. We integrate the flux for the energy
range 0 < E < 106 GeV and consider the arriving direction as θ = 700 with respect to the
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FIG. 4: Photon flux integrated in energy as coming from a generic obstacle of 1 km of
thickness as a function of the N mass, and for different distances to the obstacle.
zenith direction. We consider the received flux at different distances to the obstacle: 1 km,
5 km and 10 km. The results are shown in Fig.4 as a function of mN . Additionally, we show
in Fig. 5 the photon flux coming from an obstacle with sides of 1 km (see Fig. 3 for a sketch)
as a function of the energy for different neutrinos masses and for distances to the obstacle
of 5 km and 10 km. We have integrated over the solid angle subtended by the obstacle.
These curves were obtained for generic couplings compatible with 0νββ and the BELLE
bound. The idea here is to show the relative behavior of these fluxes for different masses
and distances to the obstacle. As we will discuss, there are most restrictive bounds that we
will take into account when we show the final flux of photons.
In the considered mass range of tens of MeVs, the main sources of experimental bounds
on the effective coupling α(i)J are the pion decay [7], the beam dump experiments [22],
astrophysical observations, and the non-observation in Super-Kamiokande [23, 24] of an
excess of events coming from the decay of heavy neutrinos produced in the atmosphere.
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FIG. 5: Photon flux as coming from the obstacle described in the text as a function of the
photon energy for different distances to the obstacle and different heavy neutrino masses.
Very stringent bounds on the interaction of heavy neutrinos in the MeV mass range were
obtained from primordial nucleosynthesis [22]. These limits are typically valid under the
assumption that N is a relatively long-lived particle (τN > 0.01 s) and with the dominant
decay mode N → νe+e−, i.e., into an active neutrino and a e+e− pair. These two conditions
are not satisfied in our cases, where the lifetime is shorter in a large part of the parameter
space, and on the other hand, the dominant channel by several orders of magnitude is
N → νγ in the mass range considered. In Figs. 6a and 6b, we show the curve where the
lifetime is τN = 10−2 s, which is the limit required by cosmic and astrophysics bounds. For
reference we also include the curve for τN = 10−8 s. On the other hand, the clear dominance
of the neutrino plus photon channel makes the beam dump result inapplicable, as this decay
mode to invisible particles is not considered in those analysis, and can considerably alter
the number of events found for N decays inside the detector [8, 22].
Another independent constraint on the effective operator coupling can be set based on the
non-observation of heavy neutrino decays by the Super-K experiment. The heavy neutrinos
produced by meson decays into the atmosphere would generate an excess of events in the
detector. In order to estimate the importance of such effect, we calculate the fraction of
neutrinos N that arrive at the Earth’s surface and could decay inside the detector, which is
located one kilometer deep (Ldeep) and has a forty meters long edge (Le). The flight distance
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is a function of the coupling and the N mass, Ldecay = Ldecay(mN , U2). We calculate the
fraction η(mN , U2) as the ratio between the number of heavy neutrinos decaying inside the
detector and the number of heavy neutrinos arriving at the Earth surface:
η(mN , U
2) =
N (N)detector
N (N)surface
, (38)
where
N (N)surface =
∫
· · ·
∫
ΦsupN (E, θ) dE da dΩ dt (39)
and
N (N)detector =
∫
· · ·
∫
ΦsupN (E, θ) exp
(
−LdeepmN
LdecayE
)[
1− exp
(
− LemN
LdecayE
)]
dE da dΩ dt.
(40)
We have considered the data reported in [23] and the discussion in [24]. We have found
that a factor η = 10−3 is a conservative value to impose the expected decay rates inside the
detector does not exceed the rate of events detected by Super-Kamiokande [23] experiment.
In the plots of Figs.6a and 6b, we show the curve for which η = 10−3, which is a strong
suppression factor. As we will see shortly there are regions of the parameters space where
we still have an appreciable number of events and less one in a thousand heavy neutrinos N
arriving the Earth decay inside the detector. In the same figure we include the upper limit
for the coupling as obtained from the pion decay [7].
One further comment is in order at this point. In the Appendix A, we show the expression
for the meson decay in the context of the effective theory we are studying. In this expression,
we can see a strong contribution from scalar operators due to the light quarks masses in
the corresponding denominators. In order to simplify the discussion, we will consider all
the constants αJ to be equal, but we have to take into account this important factor that
determines the relative importance between the scalar and vectorial operators. For the pion
decay, the coupling of scalar operators αscalar → αS2 , αS3 are accompanied by the big mass
ratio mpi
(mu+md)
. Thus, is convenient to use the combination (mpi/(mu + md)) × αscalar to
compare with the experimental bound. If we call αbound the corresponding bound, the value
for αscalar to use in the production of N by meson decay is αscalar = ((mu+md)/mpi)×αbound.
In the case of N production by pion decay, we replace (mpi/(mu+md))×αscalar → αbound.
But in the case of N production by K-decay, the replacement is (mK/ms) × αscalar →
(mK/ms)× ((mu +md)/mpi)× αbound = 0.26× αbound.
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We present the results for number of events that could be detected by a Cherenkov
telescope through the observation of the electromagnetic showers originated by N decays
after they have traversed an obstacle. In Figs.(6a) and (6b), we show the results as a
contour plot for different number of events in the plane (mN , U2) for different distances to
the obstacle. We consider a generic detector like SHALON [12] with an effective area of 10
m2, the solid angle spanned by the obstacle (which is compatible with the field of view of
SHALON), and a detection time of one year. It is clear that, from the results shown, it is
easy to obtain the number of events for different values of the observation time, effective
area and number of detectors.
N (γ) =
∫
· · ·
∫
∆φγ(E, θ) dE da dΩ dt (41)
In the same figures, we show the bounds coming from pion decay and BELLE experiment
[21]. Moreover we include the curves for which the N lifetime is 10−2 s and for reference 10−8
s, as well as the curve for which η = 10−3. The arrows point to the allowed regions in the
parameter space. Our results are indicated by contour curves that correspond to different
values of the number of events 1, 10 , 100 and 1000. We can see that there are regions with
an appreciable photon number of events satisfying experimental and observational bounds.
The distances considered are enough for the development of an electromagnetic cascade.
V. FINAL REMARKS
We have studied the possibility to place reliable bounds to heavy neutrino couplings by
considering their decay channel to photons once they have been produced by meson decays
in the atmosphere. We have calculated the photon flux originated by the decay of N ’s
emerging of an opaque object such as a mountain. These photons would be observable by
a ground based Cherenkov instrument like SHALON [12] or any other gamma-ray detector
that could observe the showers initiated by such high energy photons coming in the direction
of the obstacle. We considered different situations of obstacles placed at different distances
to the detector. The contours curves for the number of events are shown in Figs. 6a and 6b,
where we also include experimental and observational bounds. As it can be seen, there are
regions in the mN−U2 space with a significant number of events and safe from experimental
restrictions.
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FIG. 6: Contours for obtained number of events in the (mN , U2) plane are shown in
dashed-dotted lines. We include bounds coming form pi-decay, cosmological bounds, these
imposing by Super-K and BELLE experiment. The arrows indicate the allowed region and
the labels close to the dot-dashed curves the photon number of events.
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Appendix A: Meson decay to Majorana neutrino in a effective theory.
In the context of the effective theory presented in Sec. II, we calculate the contribution to
the decay of mesons pi and K, genericallyM decay. From the different Lagrangian presented
in this section, we consider here the relevant pieces for the considered decay. Thus, we have
L = 1
Λ2
{
−αw vmw√
2
N¯Rγ
νµRW
†
ν + αV0V
udd¯Rγ
νuRN¯RγνµR − αS2V udµ¯LNRu¯LdR+
αS3V
udu¯LNRµ¯LdR + hc + · · · + d → s
}
. (A1)
We deduce the decay amplitude
M = −iV
uq
Λ2
{−αw 〈0|u¯γνPLq|M〉 〈Nµ|µ¯γνPRN |0〉+ αV0 〈0|u¯γνPRq|M〉 〈Nµ|µ¯γνPRN |0〉−
αS2 〈0|u¯PRq|M〉 〈Nµ|µ¯PRN |0〉+ αS3 〈Nµ|u¯PRNµ¯PRq|M〉} , (A2)
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with q = d, s for pi and K decay, respectively. In the last term, we need to rearrange the
field operators in order to put together quarks fields in a sandwich and the lepton fields in
another. In order to do that, we make a Fierz transformation to the last term taking into
account a minus sign from the permutation of fermions, and then we have
M = −iV
uq
Λ2
{−αw 〈0|u¯γνPLq|M〉 〈Nµ|µ¯γνPRN |0〉+ αV0 〈0|u¯γνPRq|M〉 〈Nµ|µ¯γνPRN |0〉−
αS2 〈0|u¯PRq|M〉 〈Nµ|µ¯PRN |0〉 − αS3
1
2
[〈0|u¯PRq|M〉 〈Nµ|µ¯PRN |0〉+
1
2
〈0|u¯σµνPRq|M〉 〈Nµ|µ¯σµνPRN |0〉
]}
(A3)
The calculation of the leptonic matrix element is straightforward,
〈Nµ|µ¯γνPRN | 0 〉 = u¯µ(p1)γνPRvN(pN)
〈Nµ|µ¯PRN | 0 〉 = u¯µ(p1)PRvN(pN) (A4)
In order to calculate the hadronic matrix element, we have to rely on the symmetries. The
matrix element 〈 0|u¯γνγ5q|M 〉 is a Lorentz 4-vector because the meson M is pseudoscalar
and u¯γνγ5q is a pseudo 4-vector. The meson state is described by its four momentum qµ
and nothing else, since the pion has spin zero. Therefore, qµ is the only 4-moment on which
the matrix element depends and it must be proportional to qµ. Thus, we can write
〈 0|u¯γνγ5q|M 〉 = ifMqν (A5)
On the other hand, for the same reason, the matrix element of the 4-vector is
〈 0|u¯γνq|M 〉 = 0. (A6)
In the case of the matrix element of the scalar or pseudo-scalar, we have to use the equation
of motion
〈 0|u¯γ5q|M 〉 = −i m
2
MfM
mq +mu
〈 0|u¯q|M 〉 = 0
〈 0|u¯σµνb|M 〉 = 0
〈 0|u¯σµνγ5b|M 〉 = 0, (A7)
where mq = md,ms for the decay of pi and K, respectively.
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Putting it all together and integrating over the 2-body phase space, we obtain
ΓM→µN =
|M|2
16pim3M
√
(m2M +m
2
N −m2µ)2 − 4m2Mm2N , (A8)
withM given in Eq.A3.
The result is
ΓM→µN =
1
16pimM
(
V uqfMm
2
M
2Λ2
)2 {
(α2w + αV0)
2 [(1 +Bµ −BN)(1−Bµ +BN)
− (1−Bµ −BN)] + (αS2 + αS3/2)2
(1−Bµ −BN)
(
√
Bu +
√
Bq)2
+ 2(αw + αV0)(αS2 + αS3/2)
√
Bµ(1−Bµ +BN)
(
√
Bu +
√
Bq)
}
×
√
(1−Bµ +BN)2 − 4BN , (A9)
where
Bµ = m
2
µ/m
2
M , BN = m
2
N/m
2
M ,
Bu = m
2
u/m
2
M , Bq = m
2
q/m
2
M . (A10)
Appendix B: N → νγ in the Laboratory
We follow the development shown for µ-decay in the book of T. K.Gaisser [25], but in
our case for the N → γν decay (we adapt the calculations presented in the Appendix of the
recent work [26]). First, we obtain the N decay width in its rest frame, and then boost the
result to the Laboratory frame. In the N rest frame, we have the following expression:
1
Γrest
dΓrest
dx d cos θν
= 2 (F0(x)− PF1(x) cos θν) , (B1)
being θν the direction of motion of the final ν taken from the Majorana neutrino N moving
direction, and P = cos θP where θP is the angle between the Majorana neutrino spin direction
in its rest frame, and its moving direction as seen from the Laboratory frame. The variable
x represents the quotient between the final neutrino energy in the rest frame of the N and
the mass of the Majorana neutrino: x = k0/mN . The functions F0(x) and F1(x) are
F0(x) = x(1− x)δ(x− 1/2)
F1(x) = x
2δ(x− 1/2). (B2)
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To obtain the corresponding expression in the laboratory frame, we make the appropriate
Lorentz transformations. Denoting by Eν and EN the Laboratory energies of the final
neutrino and the Majorana neutrino, respectively, we have
z = x(1− βN cos θν), (B3)
with z = Eν/EN and βN =
√
1−mN 2/E2N ' 1.
We implement the Lorentz transformation with the help of the δ-function, yielding
1
ΓLAB
dΓLAB
dz dx d cos θν
= 2 (F0(x)− PF1(x) cos θν) δ [z − x (1 + βN cos θν)] . (B4)
We first integrate over θν and then we integrate over x in the interval (xmin, xmax) with
xmin = z/(1 + βN) and xmax = min(1, z/(1− βN)), obtaining
1
ΓLAB
dΓLAB
dz
= 2(1− z)Θ(1/2− x(z)min)Θ(x(z)max − 1/2). (B5)
For the low mass range considered in this work, the clearly dominant decay channel is
the neutrino plus photon mode, and ΓtotLAB(E) =
∑
i=e,µ,τ
(
ΓN→νiγLAB (E) + Γ
N→ν¯iγ
LAB (E)
)
. Then
we consider the γ decay channel, leading to the final γ photon distribution in the laboratory
frame:
1
ΓtotLAB(E)
dΓ
N→ν(+ν¯)γ
LAB
dz
≡ dn(z)
dz
. (B6)
Thus, after the indicated integrations in the evolution equations, the useful expression that
we obtain is
dn(z)
dz
=
n(1− y)
dy
= 2y, (B7)
where z = 1− y, x0 = 1/2 and P = +1 for the right-handed Majorana neutrinos.
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